A theory is discussed for magnetoelectric ͑ME͒ interactions at electromechanical resonance in a heterogeneous ferromagnetic-piezoelectric three-layer structure. An expression has been obtained for the transverse ME coefficients ␣ E,T as a function of interface coupling ␤ between the layers. For 0 Ͻ ␤ Ͻ 1, the theory predicts resonance enhancement of ␣ E,T at two interrelated radial modes. As ␤ is increased from 0, the low-frequency resonance occurs at progressively increasing frequency until it merges with the high-frequency mode when ␤ = 1. These predictions are in general agreement with representative data for a permendur-PZT-permendur trilayer composite.
I. INTRODUCTION
Thick film ferromagnetic-ferroelectric layered structures have attracted considerable attention in recent years due to strong magnetoelectric ͑ME͒ interactions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In such composites the electromagnetic coupling occurs through mechanical forces. In an applied magnetic field, for example, magnetostriction induced mechanical deformation will result in piezoelectric effect induced electric fields. Similarly, an electric field will result in an induced magnetization. Studies so far have focused on the strength of ME interactions as a function of frequency, from the mHz to GHz range. A variety of phenomena including Maxwell-Wagner relaxation, giant low-frequency ME effects, and resonance ME effects has been reported. [5] [6] [7] [8] [9] [10] The layered samples are potential candidates for multifuctional sensors, actuators, information storage, and high frequency signal processing.
A ME phenomenon of importance is the interaction when the electric subsystem shows resonance behavior at electromechanical resonance ͑EMR͒. Since we are interested in the response of the sample to an alternating current ͑ac͒ field, one anticipates a resonant behavior when the frequency is tuned to radial or thickness acoustic modes. This electromechanical resonance could potentially occur over a wide frequency range, from 100 kHz to 10 GHz, depending on the sample dimensions. [5] [6] [7] [8] [9] [10] [11] [12] The coupling at EMR is similar to low-frequency effects, i.e., induced polarization due to ac magnetic field, but the ac magnetic field is tuned to EMR frequency. We proposed a model for the effects that predicted an enhancement in ME coupling by several orders of magnitude in the EMR region. 7 The theory was based on the method of effective parameters valid only for bulk composites in which ferromagnetic and piezoelectric phases are mixed to form a homogeneous sample. The theory also assumed that any mechanical strain due to piezoelectric effect is transferred to the ferromagnetic phase without any damping corresponding to ideal mechanical coupling at the interface.
In Ref. 6 we reported the observation of resonant enhancement of ME interactions in a permendur-ferroelectric lead zirconate titanate ͑PZT͒-permendur trilayer. In this case, the ME composite can no longer be considered as a homogeneous medium and the method of effective parameters is inapplicable. 11 In addition, experiments on ME effects are performed on layered composites prepared by bonding techniques that involve anodic bonding with thin glass 12 or epoxy bonding. [5] [6] [7] Thus strength of mechanical bonding at the interface, therefore, is a parameter that must be included in any realistic model. Here we provide an exact theory for ME effects at EMR for a heterogeneous magnetic-piezoelectric structure. A model is discussed in Sec. II. Results of this model for a specific system, permendur-PZT-permendur, is provided in Sec. III. The resonance frequencies and ME coefficients have been estimated as a function of interface coupling strength. We also compared the theoretical estimates with data for the trilayer system.
II. THEORY
A trilayer structure consisting of magnetic layers of thickness m h and a piezoelectric layer of thickness p h as shown in Fig. 1 is considered. The metal electrodes on the outer magnetic layers are assumed to be of negligibly small thickness. The piezoelectric layer polarization is along the z axis, perpendicular to the sample plane. A direct current bias magnetic field and an ac magnetic field are applied parallel to each other along x axis ͑called the transverse case͒ or z axis ͑called longitudinal orientation͒. oscillations of the magnet phase induced by the alternating magnetic field with the frequency are transmitted into the piezoelectric layer via the interface. Here we introduce an interface coupling parameter ␤. When the coupling at the interface is ideal or perfect ͑␤ =1͒, the oscillations in the magnetic phase are transferred to the piezoelectric phase without any damping. On the other hand, a fully damped interface will correspond to ␤ = 0. The parameter ␤ will depend on bonding techniques used to make the layered structures, the nature and thickness of any bonding medium, or impurities due to any thermal processing for bonding. Since the mechanical contact at the interface in the general is nonideal, the radial components of the displacement vector in the two layers are related as
where 0 Ͻ ␤ Ͻ 1 is a parameter describing mechanical coupling between ferromagnetic and piezoelectric layers, p u x ͑0͒ ͑x͒ is the displacement of the piezoelectric phase due to an electrical field which has been excited by the displacement ␤ m u x ͑x͒. The earlier equation provides a mathematical description of actual interface conditions and the second term in Eq. ͑1͒ will facilitate consideration of nonlinear effects.
In general two types of ME coupling, longitudinal and transverse, are investigated in composites. For the longitudinal ME effect, the bias magnetic field and an alternating magnetic fields are perpendicular to the sample plane, while for the transverse ME effect, these magnetic fields are parallel to each other and to the sample plane. In layered composites, the transverse ME effect is much stronger than the longitudinal effect due to demagnetization consideration. The discussion, therefore, is limited to the transverse fields. For the displacement of the magnetic medium m u x ͑x͒ for the transverse case, we get the following solutions 11 in the cylindrical coordinate system of r, , and z in Fig. 1 
where J 1 ͑ m kr͒ and Y 1 ͑ m kr͒ are the first and second order Bessel functions. Using the boundary condition u r =0 at r = 0, we get an expression for C 2 ,
We assume that both magnetic layers are identical so that
The expression for the displacement of the piezoelectric medium p u x ͑0͒ ͑x͒ can be obtained from the equation of motion for the radial oscillations of the piezoelectric layer with similar boundary conditions as in Eq. ͑6͒. Following the procedure as for the magnetic phase we obtain
where
Using the boundary condition
and taking into account the boundary condition on the interface in Eq. ͑1͒ and expressions ͑6͒ and ͑8͒, we solve for C 1 ,
where 
where E 3 is the ac electric field, p d 31 is piezoelectric coefficient, ij is permittivity matrix, and p T 1 and p T 2 are the component of the stress tensor in piezoelectric
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Substituting expressions for the stress tensor into Eq. ͑12͒ and performing the integration, we obtain an expression for E 3 in the piezoelectric layer in the form 
The ME voltage coefficient for the bilayer structure is defined as
where ͗E͘ = U / ͑ m h + p h͒ is the average value of the electric field strength in the disk and U is the potential difference between electrodes. Thus the ME coefficient for the transverse orientation of the electric and magnetic fields is given by
͑17͒
For the longitudinal orientation of the electric and magnetic fields ͑i.e., for the sample polarized along the Z axis͒, the sum ͑q 11 + q 12 ͒ has to be replaced by 2q 31 . Under the action of demagnetizing fields, the value of q 31 is usually smaller than q 11 , and for this reason, the ME effect for the longitudinal polarization is usually an order of magnitude lower than the effect for the transverse polarization.
III. RESULTS AND DISCUSSION

A. Theoretical estimates for a permendur-PZTpermendur trilayer
Next we apply the theory for the specific case of a permendur-PZT-permendur three layer sample. Permendur is a soft magnetic alloy consisting of 49% Fe, 49% Co, and 2% V. It is an ideal material for use in layered composites due to desirable low resistivity and high Curie temperature ͑1213 K͒ and magnetostriction ͑70 ppm͒. Lead zirconate titanate was chosen due to high ferroelectric Curie temperature and piezoelectric coupling constant. Figure 2 presents the frequency dependence of the ME voltage coefficient calculated using Eq. ͑17͒ for a 9 mm diameter disk shaped sample with the following material parameters ͑from Ref. The frequency dependence in the ME coefficient arises due to the term ⌬ A in Eq. ͑17͒ ͓and defined in Eq. ͑15͔͒. The results are shown for values of the mechanical coupling coefficient ␤ = 1 and 0.6. If the parameter ␤ = 1, as seen in Fig.  2 , we have only one mode of the interrelated oscillations with a frequency of 340 kHz. The system therefore acts as a single unified layer and the acoustic resonance occurs at a single frequency. Ideal interface coupling correspond to the boundary condition of the form p u x ͑x͒ = ␤ m u x ͑x͒ in Eq. ͑1͒, as it was in Ref. 11 , and we would have had only one mode. For ␤ = 0.6, however, resonance occurs at two frequencies at 215 and 385 kHz. These are separate oscillations attributed to magnetic and piezoelectric layers. Figure 3 presents the dependence of the resonant frequencies versus the coupling factor ␤. As one can see, if the coupling factor decrease from 1 to 0 the resonance frequencies change from frequency of interconnected magnetic and piezoelectric oscillations to separated frequencies of magnetic and piezoelectric oscillations. Figure 4 shows the dependence of the peak values of transverse ME coefficient on the coupling factor ␤. As one can see from Fig. 4 , the amplitude of oscillations with the wave vector p k at first begins to increase with decrease coupling factor and then began to decrease. 
B. Comparison with data
The resonance magnetoelectric effect was studied experimentally on trilayer structures consisting of permendur and PZT. Two permendur layers 0.19 mm thick each and a piezoelectric PZT layer 0.38 mm in thickness were used. The layers were disks of radius 9 mm. Samples of PZT were first poled by heating to 425 K and cooling back to room temperature in an electric field of 30-50 kV/cm perpendicular to the sample plane. Trilayers were made with the central PZT bonded to outer permendur using a 0.01-0.02 mm thick layer of an epoxy.
For ME characterization, we measured the electric field produced by an alternating magnetic field applied to the biased composite. The samples were positioned in a measurement cell and placed between the pole pieces of an electromagnet that was used to apply the bias magnetic field H. The measurement cell consisted of a sample seat located at the center of 5 cm diameter Helmholtz coils. A 1-V signal applied to the sample produced an ac magnetic field ␦H = 0.004-15 Oe at 10 Hz-3 MHz. The voltage ␦V across the sample was amplified and measured with an oscilloscope or a lock-in amplifier. The ME voltage coefficient is estimated from the measured voltage. Figure 5͑a͒ shows the data for the trilayer in which the epoxy layer was quite thin, on the order of 0.01 mm. The data show a single resonance peak at 355 kHz and a peak ME coefficient of 70 V/cm Oe. Since there is only one peak, the interface coupling must correspond to ␤ = 1. Theoretical estimates for resonance frequency for ␤ = 1 from Fig. 3 are 345 kHz, which is only 3% smaller than the measured value. But the estimated peak ME coefficient is 100 V/cm Oe, somewhat higher than the measured value.
The data in Fig. 5͑b͒ are for a trilayer with a thicker epoxy layer, on the order of 0.015 mm. The presence of two peaks is a clear indicator of less-than-perfect interface coupling. The peaks in ME coefficients are measured at 225 and 345 kHz. These frequencies correspond to ␤ of 0.7-0.8 from the theoretical estimates in Fig. 3 . But the predicted peak values of ME coefficients for ␤ = 0.7-0.8 are much higher than the measured values in Fig. 5͑b͒ . Thus the theoretical resonance frequencies are in good agreement with the data, but the magnitude of peak ME coefficients are much higher than measured values. The sample with good mechanical coupling ͑␤ ϳ 1͒ shows only one mode of the interrelated oscillations with large amplitude and narrow resonance line. The sample with less-than-ideal mechanical coupling shows two modes of the interrelated oscillations with much smaller amplitudes and wide resonance lines.
IV. CONCLUSION
A model is discussed for magnetoelectric coupling at electromechanical resonance in a ferromagnetic-piezoelectric layered sample. A general enhancement in the ME coefficient is predicted. A single resonance peak is expected in ␣ E versus the frequency profile when the coupling between the ferromagnetic and piezoelectric layers is ideal. In this case the field induced mechanical strain is transferred from one layer to the other without any damping. But for less-than-perfect coupling, the theory predicts resonant enhancement at frequencies corresponding to acoustic modes in the magnetic and electric subsystems. The resonant frequencies and peak ME coefficients have been estimated as a function of interface coupling strength. The predictions are in general agreement with the data for a permendur-PZT-permendur sample.
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